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Abstract

We describe a new synthetic procedure in Mn cluster chemistry involving reductive aggregation of permanganate (MnO, ) ions
in MeOH/benzoic acid solution and the first two products that were obtained from this procedure. The first one is the anion
[Mn;,01,(OMe),(0>CPh);6(H,0),]*~ which was isolated as a black microcrystalline material when the solution was left at room
temperature overnight. The microcrystalline material was recrystallized from CH,Cl,/hexanes and gave the above mentioned anion
as a mixture of two crystal forms (N"Buy),[Mn;;0;5(0OMe)>(0,CPh);4(H,0),] - 2H,0 - 4CH,Cl, and (N"Buy),[Mn;,0;,-
(OMe),(0,CPh);4(H,0),] - 2H,0 - CH,Cl,. The anion contains a central [Mn',(11;,-0),(u-O), (1-OMe),]* unit surrounded by a
non-planar ring of eight Mn'" atoms that are connected to the central Mn, unit by eight bridging j13-O®~ ions. This anion is remark-
ably similar to the well known [Mn;,0,,(O,CR)¢(H,0),4] complexes (hereafter called ‘“‘normal [Mn,,]”), with the main difference
being the structure of the central cores. The second compound was the polymeric [Mn(OMe)(O,CPh),], that was obtained when
the solution was left at room temperature for ~2 weeks. The compound contains a linear chain of repeating [Mn''-
(1-O,CPh),(n-OMe)Mn'] units. The chains are parallel to each other and are interacting weakly through m-stacking between
the benzoate rings of different chains. Variable temperature ac magnetic measurements and hysteresis studies revealed that both
anions are SMMs and like normal [Mn,,] clusters, display both faster- and slower-relaxing magnetization dynamics that we assign
to the presence of JT isomerism. Variable temperature magnetic susceptibility studies establish that the Mn'! centers of the polymer
are antiferromagnetically coupled resulting in a diamagnetic ground state.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction (H,0)4] (1) was identified as a nanoscale magnet [1],
the first to comprise discrete (magnetically), non-

An exciting development in nanoscale magnetic interacting molecular units rather than a 3D extended
materials occurred in 1993 when [Mn;,0;,(0,CMe)s lattice (metals, metal oxides, etc). This discovery initi-

ated the field of molecular nanomagnetism and such

- molecules have since been termed single-molecule mag-
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known [1-10], there is a continuing need for new exam-
ples to improve our understanding of this phenomenon.
Efforts along these lines have been concentrated in two
directions: (i) development of synthetic routes to new
high nuclearity metal complexes [4,5], and (i) modifica-
tions of known SMMs in a controlled fashion [6-10].
The best and most thoroughly studied SMMs to date
are members of the [Mn12012(02CR)16(H20)4] ([Ml’llz])
family. A number of [Mn,] derivatives have been pre-
pared in their neutral [1,6-8], one-electron [6f,9] or
two-electron [10] reduced versions with a variety of car-
boxylate [6,9,10], mixed carboxylate [7], and mixed car-
boxylate/non-carboxylate [8] ligands. In all such
modifications, the [Mn;,(3-O);»] core remains essen-
tially the same.

In the present work, we report three new develop-
ments: (i) A new synthetic procedure in Mn cluster
chemistry involving reductive aggregation of permanga-
nate (MnO, ") ions in MeOH/benzoic acid solution; (ii)
the products of this synthetic procedure which include
two new compounds, the N"Bu,* salts of the new
[Mn12012(OMe)2(02CPh)16(H20)2]2* (2) cluster anion,
a structural derivative of the well studied [Mn;,] com-
plexes, and the polymer [Mn(OMe)(O,CPh),], (3); and
(iii) the establishment that the anion of 2 is a new SMM.

2. Experimental
2.1. Syntheses

All manipulations were performed under aerobic con-
ditions with the use of materials as received unless other-
wise indicated; water was distilled in-house. Elemental
analyses were performed by the in-house facilities of
the Chemistry Department, University of Florida.

2.1.1. Preparation of (N"Buy)>[ Mn;>0;5(0,CPh) 145
(OMe)>(H>0)5] (2)

Freshly prepared (N"Buy)MnO, (1.0 g, 2.8 mmol)
was added in small portions to a solution of benzoic acid
(5.0 g, 40.9 mmol) in MeOH (15 ml), and the mixture
stirred for ~5 min. The resulting purple solution was left
undisturbed at room temperature overnight. During this
time, the color slowly turned dark brown, and black
crystals slowly formed. The latter, which were found
to be poor diffractors of X-rays, were collected by filtra-
tion, washed with MeOH (2 x 10 ml) and dried in vacuo.
The material was recrystallized from CH,Cl,/hexanes to
give a mixture of diamond-shaped crystals of
2-2H,0 - 4CH,Cl, (2a) and needle-shaped crystals of
2-2H,0 - CH,Cl, (2b) in an overall yield of 0.12 g (15
% based on Mn). These were collected by filtration,
washed with hexanes, and dried in vacuo. Both 2a and
2b were good diffractors of X-rays, as long as they were
kept in contact with the mother liquor to prevent solvent

loss. Anal. Calc. for C146H166N2050M1’112 (2 ' 2H20) C,
51.45; H, 4.91; N, 0.82. Found: C, 51.26; H, 4.72; N,
0.70%. Selected IR data (KBr, cm™'): 3430(s, br),
3065(w) 2965(w), 2925(w), 2875(w), 1598(s), 1560(s),
1532(s), 1492(m), 1448(m), 1417(s), 1306(w), 1177(m),
1069(w), 1026(m), 838(w), 718(s), 675(s), 625(m, br),
499(m).

2.1.2. Preparation of [Mn(OMe)(O,CPh),], (3)

Compound 3 was prepared by employing the same
synthetic procedure as for 2 with the only difference
being that the purple solution was left to stand at room
temperature for a long period of time (~2 weeks). The
yield was 70%. Anal. Calc. for CsH;3MnOs (3): C,
54.90; H: 3.99. Found: C, 54.67; H, 3.83%. Selected IR
data (KBr, cm™'): 3421(m, br), 3065(m), 3023(w),
2940(w), 1693(m), 1592(s), 1552(s), 1491(m), 1448(m),
1386(s), 1306(m), 1177(m), 1159(w), 1143(w), 1069(m),
1026(m), 992(m), 937(w), 841(w), 816(w), 716(s),
683(m), 610(m), 558(m), 483(m).

3. Results and discussion
3.1. Syntheses

The synthesis of normal [Mn;,] compound 1 consists
of the comproportionation reaction between Mn(O»-
CMe), - 4H>0O and KMnOy in 60% aqueous acetic acid
[11]. In contrast, the new synthetic procedure in the
present work is part of a wider investigation of the
reduction of MnO,~ in alcohol/carboxylic acid mix-
tures. The present results were obtained from a
MeOH/PhCO,H medium. Thus, addition of (N”"Buy)
MnO, to a methanolic solution of benzoic acid results
in the formation of a dark brown solution from which
subsequently were obtained essentially black crystals.
Recrystallization from CH,Cly/hexanes results in the
formation of two types of black crystals in a total, over-
all yield of 15% yield. When the dark brown solution
was left for ~2 weeks to stand at room temperature
brown crystals of 3 were formed in high yield. Since
the average oxidation state of 2 (8 Mn'™, 4 Mn'Y) is
higher than that of 3 (Mn'"), it seems reasonable to as-
sume that the formation of the latter is a result of fur-
ther reduction of Mn'Y ions by MeOH, i.e., the longer
crystallization times allow the formation of products
that are further reduced.

3.2. Description of structures

3.2.1 [MnngJZ(OMe)Z(OZCPh)16(H20)2]27

Both types of crystals of 2, diamond-like 2a and nee-
dle-like 2b, were crystallographically characterized, and
found to be (NHBU4)2[MH12012(OMC)2(02CPh)16-
(Hzo)z] . 2H20 ' 4CH2C12 (Za) and (N"Bu4)2[Mn12012-
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Fig. 1. Labeled ORTEP plot (at the 50% probability level) of the anion of 2a. For clarity, the benzoate rings have been omitted, except for the ipso-

carbon atom of each ring. Color scheme: Mn (blue), O (red), C (grey).

(OMC)z(OzCPh)m(HzO)z] ' 2H20 . CH2C12 (Zb) Both
contain the same dianion, abbreviated [Mn,,’]>". Com-
plex 2a crystallizes in the orthorhombic space group
Pbca with its asymmetric unit containing half the
[Mn,,']~ cluster and one N"Bu,* cation, as well as
one H,O and two disordered CH,Cl, solvent molecules.
The [Mnlz’]% anion of 2a (Fig. 1) contains a central
[MnIV4(u3-0)2(u-O)z(u-OMe)lz}6+ unit surrounded by a
non-planar ring of eight Mn'"" atoms that are connected
to the central Mn, unit by eight bridging ps-O?~ ions.
The metal oxidation states and their trapped-valence
nature were determined by inspection of the Mn-O
bond lengths, Mn bond valence sum calculations® [12]
and the presence of Mn'" Jahn-Teller elongation axes
for the Mn atoms in the outer ring. The outer Mng ring
is very similar to that in normal [Mn;,] compound 1, but
the latter has a central [Mnu(us-O)4*" cubane. The cen-
tral [MnIV4O4(OMe)2]6+ unit of 2a comprises a planar
Mn, rhombus with two p;-O>~ ions (016, O16'), one
above and one below the Mn, plane, and a p-O>~

2 Bond valence sum calculations for Mn'™ and Mn'V ions of 2a and
2b gave oxidation state values of 2.89-3.02 and 4.00-4.18, respectively.

(018, O18’) or p-MeO™ (024, 0O24') ion bridging each
edge of the rhombus. The central unit can thus be de-
scribed either as a face-sharing dicubane unit with two
missing vertices, or as two edge-sharing, oxide-capped
Mnj; triangular units. Tetranuclear complexes possess-
ing a core very similar to this central unit of the anion
of 2a have been observed previously with Mn [5a,5b],
as well as with other transition metals [13]. Peripheral
ligation is completed by 16 bridging benzoate groups
and two terminal water molecules. All Mn atoms are
six-coordinate with near octahedral geometries.

Complex 2b crystallizes in the triclinic space group
P1, and its asymmetric unit consists of a half cluster
and two halves of N"Bu," cations disordered around
inversion centers, as well as one disordered H,O mole-
cule and half a CH,Cl,. The structure of the anion of
2b is essentially identical to that of 2a, except for some
disorder in the peripheral benzoate rings.

For both 2a and 2b, there are Jahn-Teller (JT) distor-
tions at the Mn'"" ions in the outer ring, consistent with
high-spin Mn'" in near-octahedral geometry. The JT
distortion takes the form of an axial elongation, with
the elongation axes axial to the Mn;, disk-like core
and thus roughly parallel to each other. Axially elon-
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Fig. 2. Comparison of the cores of the anion of 2a (left) and normal [Mn,,] complex 1 (right). Color scheme: Mn** (cyan), Mn>* (blue), O (red),

C (grey).

gated Mn-O bonds are typically at least 0.1-0.2 A
longer than the others. However, there is one anomaly:
for 2a (Fig. 1), the JT elongated bonds at Mn4 (Mn4—
09 =2.074(4), Mn4-014 = 2.080(5) A) are not as long
as those at the other Mn"" ions (2.112(5)-2.250(5) A),
and frans bonds Mn4-O7 (1.958(4) A) and Mn4-012
(2.060(5) A) are longer than expected, especially
Mn-O7, which is unusually long for a Mn—-O?~ bond
(compare Mn—O”~ bonds at the other Mn"! ions of
1.876(4)-1.905(4) A). A similar anomalous situation is
present at Mnl of 2b. This structural feature at Mn
atoms Mn4 of 2a and Mnl of 2b will prove crucial to
understanding the magnetic data below, and we will
thus return to this point later.

The anions of complexes 2a and 2b are remarkably
similar to normal [Mny,] clusters, such as 1, with the
main difference being the structure of the central cores.
These are compared in Fig. 2. In fact, the core of the an-
ions of 2a and 2b could be considered the result of par-
tial methanolysis of the central [Mn4O4]** cubane of 1,
leading to incorporation of two MeO™ bridges and a
change in the core structure (although we do not claim
that this corresponds to its means of formation in the
reaction mixture). It is also interesting to note that com-
plexes 1 and 2 are the smallest nuclearity members of a
larger family of [Mn"" | MnIVy] clusters in which there is
an outer Mnmx ring around a central MnIVy core. This
family currently comprises normal [Mnj,] complexes
(such as 1) and 2a/2b (x =8,y =4), the Mn;4 cluster
[Mn;5016(OMe)6(02CMe),4(MeOH);(H20);3]  (x = 10,
y=6) [4c,14], and the Mny; cluster [MnyOoy-
(OMe)3(0,CCH,'Bu)16(H20)10] (x = 12, =9) [15].

3.2.2. [Mn(OMe)(O>CPh),],

Compound 3 crystallizes in the triclinic space group
Pl and its asymmetric unit consists of a [Mn
(1-O,CPh),(p-OMe)Mn] portion of the chain. The com-

pound contains a linear chain of repeating [Mn'"
(u-OMe)(p-O,CPh),Mn'"] units (Fig. 3). The structure
of 3 is similar to that of {{Mn(OH)(O,CMe),] - HO,-
CMe - H,O} (4) reported recently [16], which is also a
linear chain, except that (i) there are OMe™ bridging
groups instead of OH™, (ii) the carboxylate ligands are
PhCO," instead of MeCO,, and (iii) there are no sol-
vents of crystallization in contrast to 4 where solvents
of crystallization are participating in the formation of
a hydrogen-bonding network between chains. The
Mn- - -Mn separations in 3 are 3.388(1) A, identical to
the 3.384(1) A value of those in 4. All the PhCO,~
groups are in their familiar syn,syn-bridging modes.
The metal oxidation state and its trapped-valence nature
were determined by inspection of the Mn-O bond

Fig. 3. Labelled ORTEP plot (at the 50% probability level) of a small
section of the polymeric chain of [Mn(OMe)(O,CPh),], (3).
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Fig. 4. (a) A section of two adjacent chains of 3 emphasizing (i) the n-stacking between the benzoate rings of the two neighboring chains, (ii) the fact
that the chains run parallel in the crystal. (b) A view along the chain axis of 1.

lengths, Mn bond valence sum calculations® [12] and the
presence of Mn"" Jahn-Teller elongation axes for the
two independent Mn atoms of the chain. The Jahn-Tell-
er elongation axes are the O(2)-Mn(1)-O(2’) and O(4')-
Mn-0O(2), which are parallel. It is interesting to note
that the [Mn(p-OMe)(1-O,CR)>Mn] triply bridged unit
is unprecedented in any Mn cluster of any nuclearity.
This could be partially due to the fact that the list of
Mn complexes containing methoxy groups is not exten-
sive. A close examination of the packing of 3 shows that
the chains all run parallel in the crystal, and in the ab-
sence of solvent molecules of crystallization there are
no hydrogen-bonding interactions holding the neighbor-
ing chains together. However, a closer look reveals the
existence of m-stacking interactions between the benzo-
ate rings of neighboring chains (average C- - -C separa-
tion = 3.719 A). This is emphasized in Fig. 4, which

3 Bond valence sum calculations for the two independent Mn' ions

of 3 gave oxidation state values of 2.98 for both of them.

shows a small part of two adjacent chains from a view-
point perpendicular to the chains (Fig. 4(a)) and along
the chains (Fig. 4(b)).

3.3. Magnetism studies

3.3.1. [Mn;;0,5(OMe)>(O>CPh) 15(H20) 5P~

The structural similarity between complexes 1 and 2
suggested the possibility that the latter might also be a
SMM, just like the former. This was therefore investi-
gated by AC magnetic susceptibility measurements on
a polycrystalline sample of 2 (containing both 2a and
2b) in the temperature range 1.8-10 K using a 3.5G
AC field oscillating at 5-500 Hz frequencies (v). These
studies revealed two frequency-dependent out-of-phase
1 AC signals (Fig. 5), one in the higher temperature
(HT) range of 3-5 K, and a second one at lower temper-
atures (LT) whose peaks clearly occur at temperatures
below the operating limit of our SQUID (superconduc-
ting quantum interference device) instrument (1.8 K).
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Fig. 5. Plot of y,, vs. T for a microcrystalline sample of 2 at 500 (O),
250 (@), 50 (OJ), 25 (M), 10 (A), 5 (A) Hz. Inset: Plot of the natural
logarithm of relaxation rate, In(1/t) vs. inverse temperature using the
1m vs. T data for the slower-relaxing species (higher temperature data).
The solid line is a fit to the Arrhenius equation; see the text for the
fitting parameters.

The LT and HT y, signals correspond to faster and
slower relaxation rates, respectively. The peak of a y
versus 7 plot represents the temperature at which the
magnetization relaxation rate equals the angular fre-
quency o(=2mv), and the y versus T data at different
frequencies (v) were therefore used as a source of kinetic
data to construct an Arrhenius plot (Fig. 5, inset) based
on the Arrhenius equation of Eq. (1), where 1/t is the
relaxation rate (tr is the relaxation time), 1/tq is the
pre-exponential factor, U,y is the effective relaxation
barrier,

l/rzl/roexp(—Ueff/kT) (1)

and k is the Boltzmann constant. The fit of the data to
Eq. (1) gave U.g=50.1 K and 1/to = 3.61 x 10® s~!. This
U.g value is smaller than that of normal [Mn;,] com-
plexes; complex 1, for example, has a Uy of 60-65 K.
The observation of out-of-phase AC signals suggests
that 2 might be an SMM, although such signals by
themselves are not proof of an SMM. It is also tempting
to assume that the two y, signals in Fig. 3 are due to the
two crystal forms, diamond-like 2a and needle-like 2b.
To confirm whether 2a and/or 2b are indeed SMMs,
and to assess any difference between the two forms,
magnetization versus DC field sweep studies were per-
formed on single crystals of 2a and 2b using a micro-
SQUID apparatus [17]. The resulting hysteresis loops
are shown in Fig. 6, and their coercivities (i) increase
with decreasing 7" at a constant field sweep rate, and
(ii) increase with increasing sweep rate at a constant 7'

0.017 T/s

1 -

HoH (T)

Fig. 6. Magnetization (M) vs. applied magnetic field (uoH) hysteresis
loops for a single crystal (wet with mother liquor) of 2a (top) and 2b
(bottom) at the indicated temperatures. M is normalized to its
saturation value, M.

(not shown). This is as expected for the superparamag-
net-like properties of a SMM.

However, it is clear that the observed properties (hys-
teresis loops) of 2a and 2b are very similar, and this is
totally inconsistent with the two very different AC sig-
nals in Fig. 5 and the at-first-glance ‘obvious’ conclusion
that the two signals are due to the two crystal forms. In
fact, the hysteresis loops of both 2a and 2b each suggest
a mixture of faster-relaxing (LT) and slower-relaxing
(HT) forms, the former being responsible for the large
decrease in magnetization at zero field, and the latter
being responsible for the subsequent feature at higher
fields. The relative proportions of these two features
suggest comparable amounts of the LT and HT forms
in each crystal, with perhaps a slightly greater amount
of the former, and this is again consistent with the rela-
tive proportion of LT and HT AC signals in Fig. 5. Note
that the AC and hysteresis studies were performed on
wet single-crystals and microcrystals suspended in solid
eicosane, respectively, and thus not strictly speaking on
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the same material. Nevertheless, we conclude that
(1) complex 2 is a new SMM; (ii) the different space
groups of diamond-like 2a and needle-like 2b lead to
only small differences in the magnetic properties of
the [Mn1201Z(OMe)z(OzCPh)16(H20)2]2* anion; and
(iii) there are faster- and slower-relaxing forms of com-
plex 2 that co-crystallize in the same crystal. In fact,
point (iii) has long been known to also be the case for
1, whose crystals contain about 5% of the faster-relaxing
form; complex 2 thus differs from 1 only in the relative
amounts of the two forms.

For normal [Mn;,] complexes, we have reported else-
where that crystals of pure faster-relaxing forms can be
prepared with, for example, ‘butylacetate as the carbox-
ylate group [6d,6g]. Crystallography on such crystals has
allowed the origin of the faster-relaxing form to be iden-
tified as the abnormal orientation of one of the Mn"" JT
elongation axes being disposed equatorial rather than
axial to the Mn,, disk-like plane, and thus pointing to
a core O~ ion. We have named this ‘Jahn-Teller isom-
erism’. The same is likely to be the origin of the two
forms of 2. Indeed, this takes us back full circle to the
crystal structures described above, because it rational-
izes the unusual Mn-O bond lengths at Mn4 for 2a
and Mn1 for 2b. For 2a, for example, an approximately
equal mixture of (a) slower-relaxing species with the JT
axis at Mn4 in the normal position along the O9-Mn4—
014 axis, and (b) faster-relaxing species with the JT axis
at Mn4 abnormally aligned along the O7-Mn4-012 axis
will lead to the crystallographic average result that the
09-Mn4-014 and O7-Mn4-O12 bond lengths are
shorter and longer, respectively, than they should be,
which is what is seen. Similarly for 2b, we thus feel that
the crystallographic data support the conclusion from
the magnetic studies that crystals of 2a and 2b comprise
a mixture of slower- and faster-relaxing species resulting
from normal and abnormal orientations, respectively, of
a Mn' JT elongation axis. As with normal [Mn,] com-
plexes, it will require crystallization of pure crystals of
the different forms of 2 to allow more detailed study,
and this is a current objective.

3.3.2. [Mn(OMe)(O,CPh),],

Solid state dc magnetic susceptibility data were col-
lected in the 5.0-300 K range in a 5kG (0.57T) field.
The data for 3 are plotted as y,7T versus T in Fig. 7.
The y,7T value of 2.59 cm® mol ™' K at 300 K is lower
than the expected value of 3 cm?® mol~! K for an isolated
Mn"" center, and decreases steadily to 0.18 cm®
mol ' K at 8 K, and then increases smoothly to 0.21
at 5 K. These data suggest that the existence of strong
antiferromagnetic interactions between the Mn"" centers
of the chain resulting in a diamagnetic ground state
(S=0). This is not surprising because triply bridged
Mn,™ (and Mn""Mn"") dinuclear units are almost al-
ways antiferromagnetically coupled, although a dinu-

2.5 ®

2.0 1

m

1.0 | N

X.T (cm3m01']K)
°

0.5 1 °

0.0 , , , , : :
0 50 100 150 200 250 300
T (K)

Fig. 7. A plot of y,,,T vs. T for 3.

clear complex with the [Mn(p-OMe)(p-O,CR)>,Mn]
core is not known for direct comparison. The very small
increase at 7' < 8 K could be due to weak ferromagnetic
interactions between the chains. This behavior is very
similar to that observed for 4, where however this
behavior is more pronounced, presumably due to the
stronger interactions between chains mediated by the
strong hydrogen-bonding in 4.

4. Conclusions

The new reductive aggregation procedure has led to
two new compounds. The first is a variant of the
[Mn,,] family of SMMs and the second a Mn"" poly-
mer. The latter is an antiferromagnetically coupled
chain. In contrast, the anion of 2 is a structural variant
of normal [Mn,,] complexes, and like them is an SMM.
It also displays both faster- and slower-relaxing magne-
tization dynamics that we assign to the presence of JT
isomerism. We have in the past obtained many deriva-
tives of [Mnj,] complexes, for example by carboxylate
substitution [6,7], one- and two-electron reduction
[6£,9,10], introduction of non-carboxylate ligands [8],
etc., and similar derivatization of 2 may also prove pos-
sible, in which case it is merely the prototype of what
could become a large new family of related SMMs.
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